The demand for air travel is expanding beyond the capacity of existing airports and air traffic control. This excess traffic often results in delays and compromised safety.
Introduction
The globalization of the worldwide economy, coupled with airline deregulation and trade expansion, has caused a boom in air travel. This rapid growth has not been paralleled by a similar expansion in the national airspace infrastructure, resulting in congestion, delays and widespread frustration. The problem is quickly reaching gridlock proportions and the pressure for solutions is increasing. However, the National Airspace is not a flexible system. Solutions implemented today will only be felt in the long term. These solutions will also require a significant capital * Associate Professor, Associate Fellow AIAA † Research Engineer II, Member AIAA investment for system-wide execution. Thus, a careful process to determine which solutions will provide the highest payoff with the lowest risk is essential.
The development of such a process is the ultimate goal of this research.
Increasing Demand
Norman Mineta, the Secretary for the Department of Transportation, tells us: "The only sure remedy for air traffic control congestion in the near term would be a recession, which would suppress demand". 1 Indeed, we have seen a drop in air travel demand due to the current economic slowdown, and the airlines saw their worst year in 2001 after the terrorist attacks of September 11th. However, the increase in air travel in the late nineties was a direct consequence of economic well-being, and also resulted in a better quality of life. The current slump in demand is expected to disappear as customer confidence is regained and security issues are resolved. Even the recession that Mr. Mineta spoke of has only gained the National Aerospace system a temporary respite. Air travel demand is expected to regain its momentum, returning to previous demand levels and growing steadily thereafter. Given the importance of air travel to economic growth, it is important to find ways to encourage that recovery, and ensure that it will not be hampered by congestion.
Limited Capacity
The steady increase in air travel demand in recent years has pushed the National Airspace System to its limit, but it is the inability of the system to expand accordingly that has caused today's increasing delays. Indeed, with the system operating so close to its maximum capacity it is not unusual for a relatively small event, such as a local thunderstorm, to cause widespread delays, far beyond the area affected by the weather.
Since flights are generally not scheduled to far surpass the capacity of the airports they serve, one must assume that full theoretical capacity is not being achieved. It has been suggested that the first step toward a reduction of delays is a better management of the existing capacity. Having a uniform distribution of demand, or transporting more passengers per departure would be relatively easy to implement short term solutions. However, airline profitability would suffer from such regulations. Furthermore, better capacity management would not solve the long term congestion of the system. Including all currently planned runway construction as potential capacity, the system is currently operating at 57% of its maximum capacity, and by 2010 it will be operating at 70% capacity if no expansion policies are implemented. Considering that significant delays start occurring at 40% capacity utilization, and grow exponentially from there, the delays experienced thus far may be only the tip of the iceberg.. 
Complexity of the System
The need to increase capacity is pressing, but ATC (Air Traffic Control) budgets are limited, airport communities resist expansion, noise regulations restrict approach and departure paths. . . The solution to the capacity problem is not a simple one due to the complexity of the NAS (National Airspace System) and the different, and often conflicting, interests that it is comprised of.
Airline strategies often conflict with airport and ATC concerns. As an example, the increase in regional jet departures at peak times in the LaGuardia airport, and the resulting delays, have forced the airport authorities to impose a limit on the number of flights that can use the airport at those times of the day.
3 A very large aircraft, such as the one currently being developed by Airbus Industrie could serve as a further example of the interdependency within the NAS. Such an aircraft would increase the demand served per departure alleviating the capacity constraint. However, it would have to meet airport restrictions in terms of runway and gate dimensions, it would have to follow ATC instructions in terms of required separation with other aircraft, and it would have to overcome the current airline tendency to favor smaller more frequent flights. 4 Unfortunately, when analyzing solutions to the NAS congestion problem, researchers often focus on a single aspect of the problem, without thoroughly considering the effects a change in one of the NAS components will have on the other pieces of the air transportation puzzle. As the Secretary Of Transportation puts it: "There must be more synchronization and more coordination between these groups if we are going to solve the [capacity] problem".
1 Figure 1 illustrates the four main components of the NAS, and adds three considerations which are vital when assessing capacity and throughput technologies: Safety, Environment and Economics.
Figure 1: The Components of the NAS
Economics drive the demand which has made the system capacity inadequate. Economics also drive the search for solutions to the delay problem as airlines lose revenue and passengers lose time. Furthermore, economics dictate budgets which limit the range of solutions that can be implemented.
The environment in terms of governmental and community pressures can influence airport capacity greatly. Community noise has become an increasing concern in the neighborhoods surrounding major airports to the point that arrival paths are being diverted to avoid populated areas, with the subsequent efficiency loss. 5 On the other hand, the community needs for air travel can encourage research into congestion alleviation technologies.
Safety can be viewed as a capacity constraint. It is safety that dictates aircraft separation on arrival, a major traffic volume limitation. It is also safety that prescribes bad weather procedures further straining system capacity. New technologies designed to relieve congestion will not be implemented unless they demonstrate a good safety record. Even more, safety must be improved if capacity is to increase; today's accident rates would result in a major accident occurring every three days at 2005 demand levels. 6 An in depth analysis of the NAS is further complicated by the variability it is subject to. The economic environment can fluctuate widely affecting not only the demand for air travel, but also the revenue yield that can be obtained without loss of market-share. Furthermore, many of the day-to-day costs in the NAS are driven by factors beyond an an-alyst's control, such as OPEC fuel production levels, weather, or labor union agreements. Government policies, often driven by electoral polls, can also have a great influence on the funds available for ATC improvements.
The inherent uncertainty in the system alone would justify a statistical approach to the capacity problem, but an additional degree of imprecision is also introduced by the fidelity of the modeling codes used. Furthermore, the forecasted impacts of technologies which are still in the development stage are often not entirely reliable. This uncertainty in the potential effect of a technology also applies to its negative impacts, which are often overlooked or not researched as thoroughly.
The complexity and uncertainty inherent to the NAS, coupled with the varied nature of the capacity improving technologies that have been proposed clearly establishes a need for a statistically based method to assess those technologies from an overallsystem point of view.
Background
The United States contains over 18,000 airports, 3,304 of which are considered part of the national system.
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More than 450 of these are considered primary airports rating an FAA (Federal Aviation Administration) control tower to direct traffic during landing and takeoff. Airports provide a gateway for air carriers to serve their customers, while ATC provides a framework for the safe flight of their fleets. Thus, when considering problems related to the NAS, one must consider what air travel demand needs to be served, what aircraft will be chosen to serve that demand, how the airline will operate the aircraft, and what infrastructure will be necessary for a safe and efficient flight environment.
Passenger Demand
Looking up at the night skies over any major city and observing the many lights of aircraft flying overhead, one cannot doubt that a demand for air transportation exists. But the driving forces behind that demand, and the factors that make a passenger or a cargo forwarder choose a particular carrier at a particular time from a particular airport have been the subject of extensive research. Air travel demand and economic prosperity are closely tied. GDP (Gross Domestic Product) forecasts are often used to determine future demand for air travel. At times GDP data is combined with other economic indicators such as unemployment or income per capita to determine the availability of expendable income in a particular location. This is done based on the assumption that travel, and especially air travel, is considered a luxury. As such, air travel traditionally included many services not directly related to the transportation aspect, and catered to a limited demographic group. However, with the advent of deregulation and fares that were no longer determined by costs, but rather by competition, fares dropped and airlines were forced to reconsider who their customers were.
Today's airline demand studies often require detailed demographic data considering the age and gender of their customers along with factors such as the purpose of the journey. 8 This enables airlines to tailor their product to meet a wide range of customer demands, from the business traveler that seeks comfortable and timely service, to the student traveling for spring break that is willing to fly stand-by if that will lower the ticket cost.
Airline Characterization
"Airlines provide a service for their customers transporting them and their belongings from one point to another for an agreed price". 7 This service orientation is what makes the airline business so susceptible to variation in customer demand. Diverse customers and the perishability of the airline product, a seat in a particular itinerary at a particular time, dictate the ever changing prices and fierce competition found in today's deregulated market.
The competitiveness of the airline market is further complicated by minimal product differentiation and soft brand loyalty. Airlines tend to fly similar routes at similar times with similar equipment and service and often matching prices. Frequent flyer programs have been relatively successful in introducing a type of brand loyalty, but one that is easily put aside for a better price or a more convenient schedule.
Airlines, like any business, seek to maximize profit, but they are often caught between the finicky consumer that dictates market share and revenue, and costs beyond their direct control. This results in net profit margins in the order of 1 to 2% compared to a 5% average for the US industry.
7 Southwest Airlines has found a recipe to solve this problem by offering a simplified product, point-to-point service with fast turn-around times, and dramatically reduced overhead costs. Unfortunately, traditional airlines, as a previously regulated market, have a history of very strong unions that capitalize on the intensive training required for pilots and maintenance personnel. The impact of labor costs is amplified because air transportation, as a service industry, is heavily dependant on the availability of qualified labor in almost all aspects of its operations. Thus, labor typically accounts for 35% of an airline's operating expenses, and threats of a strike often force airline operators to consent to union demands, whether the revenue structure can support them or not. 7, 9 Labor costs can be especially burdensome when dealing with delays because aircraft crews are limited on the number of continued flight hours they can operate, and additional ground personnel is required to reroute and mollify vexed passengers.
Fuel and maintenance costs are the next highest for an airline, and are the most influenced by the type of aircraft flown. Airlines tend to prefer aircraft of the same family or at least of the same make to maximize part commonality and minimize mechanic training required. Fuel consumption also depends on engine and aircraft selection, but it is heavily impacted by delays due to the additional fuel burnt during airborne holding at inefficient cruise altitudes.
Another cost that has become increasingly significant in airline operations has been landing fees and terminal space rental. Airports have been forced to expand and remodel to meet increased demand with the subsequent need for higher revenues, and therefore, higher airport use charges. While these costs account for a relatively small percentage of the airline costs, 5% compared to 16% for promotions and sales, they have grown steadily, rising by nearly 70% since 1992.
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Airport Operations
Airports provide a vital link between the airline and its customer, and will continue to be an essential part of the air transportation puzzle until concepts such as personal air vehicles become more than mere wishful thinking. Airports also represent a significant source of income and a driving force behind economic growth in the communities surrounding them. Airports significantly contribute to pollution and noise in the community as well. As such, they are often driven by public interest and politics, rather than by their customer, the airlines. Thus, commercial airports in the United States are still publicly owned, and therefore eligible for government grants and tax exempt financing. However, with the recent emphasis on concessions and efficient management, many airports have become self sustaining in terms of day-to-day operations, and only require outside investment to finance airport improvement projects.
Airport improvement projects are financed in a number of ways, all of them in some way resulting from the air transportation business itself. Airport Improvement Grants, funded by ticket taxes, are awarded by the FAA for specific airport projects meant to improve safety, reduce noise impact on the community or increase capacity. Unfortunately, gaining use of those funds is often a very long process requiring in depth environmental evaluations of the project plans and several iterations until FAA approval is obtained.
GARB (General Airport Revenue Bonds) are also often used as a means to raise funds. These bonds are backed by airport revenue which is generated by landing fees, concessions, parking and rental fees, and recently also by Passenger Facility Charges (PFC's). PFC's are approved by the FAA for a specific capital improvement project, but are charged by the airline on a per ticket/per segment basis, and transferred directly to the airport.
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Airline landing fees are typically calculated based on landing weight, but there are several cost calculation procedures for overall air carrier fees. These computation methods are generally divided into residual and compensatory. In compensatory concepts the airport assumes the risk and benefit of concessions, and airlines are charged based solely on their use. This type of scheme encourages entrepreneurship in airport management in order to generate enough revenue from other sources to cover costs not offset by airline fees. Residual rate making methods, on the other hand, are generally found at airports with less mature revenue streams since they allow the airport to share operating risk with the air carriers. Under these strategies airlines supplement other airport sources of revenue to safeguard airport profitability. Thus, well managed concessions result in lower airline fees, but the airline must assume any costs not offset by other revenue sources. This shared risk gives the airlines more leverage on capital investment decisions, but may harm airline competitiveness.
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Air carrier fees are the most significant airport influence on airline profitability, however, there are other airport characteristics that can also impact airline operations. Inefficient runway and taxiway layouts can significantly increase taxi times and fuel burnt. These factors can be further increased by congestion and lack of peak capacity at the airport or its surrounding airspace. Nighttime capacity at airports is often limited by community concerns and some airports have curfews that eliminate night traffic altogether. Thus, airports are not all alike, and while they generally have a de facto monopoly as far as local air traffic is concerned, there is competition for connecting passengers and for the establishment of airline hubs. The hub competition aspect makes expansion potential a very important factor.
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Air Traffic Control
Air Traffic Control facilities are another factor that can differentiate airports from one another. TRA-CON (Terminal Radar Approach CONtrol) centers, for example, control aircraft during the climb and descent phases, but certain centers control several major airports as in the New York metro area, whereas others are concerned mainly with one airport, as is the case at the Atlanta center. Thus, there are 236 TRACON centers vs. 450 major airports. Beyond the vicinity of major airports, 22 en-route centers guide traffic through the airspace sectors during the cruise segment of flight.
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Given the current infrastructure a typical flight begins with the filing of a flight plan to inform ATC of the intended flight path, the amount of fuel on board, and alternate airports reachable in case of an emergency. After obtaining approval for the plan, as filed or with pertinent modifications, the aircraft pushes back from the gate when it is given permission to do so by ground control. Ground control also guides the aircraft through the taxiways to the runway of departure coordinating with other ground traffic. Control is then handed over to the tower which supervises the crew through the entire takeoff procedure and dictates the initial heading to follow thereafter. At that point the TRACON center in charge of that area handles the aircraft until it reaches cruise altitude and speed where it is handed off to the controllers at the appropriate enroute center. The sequence is reversed as the aircraft approaches its destination. Thus, the flight was under constant supervision for the entire mission, with ATC assuring proper separation with other traffic. When one considers the number of aircraft in the air following this procedure, as well as a number of other aircraft flying under VFR (Visual Flight Rules) and maintaining their own separation in good weather, it is no wonder that the ATC system is approaching saturation.
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The capacity of the existing system can be improved by addressing system inefficiencies and limitations, thereby facilitating maximum use of runways and airspace sectors. Currently a number of safety buffers both laterally and longitudinally are built into every runway operation and these buffers are further expanded in poor weather conditions. While safety is the paramount objective of ATC, these buffers are often far larger than they need to be in order to avoid wake vorticity or aircraft collisions. This is due to inaccuracies in positioning measurements, communication delays and uncertainties in vortex propagation. 15 While addressing these inefficiencies will increase the number of operations a given runway can handle, this is not the only source of congestion. Today's Air Traffic Control system depends on the ability of its controllers to sequence, direct and track traffic. In heavily congested sectors controller workload becomes a significant constraint and traffic must be diverted or rerouted to avoid compromising safety. The issue of controller productivity is addressed by technologies which aim to provide decision support tools for the controller, as well as allowing pilots to maintain their own separation through airborne hazard avoidance systems.
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A consideration frequently overlooked when dealing with ATC improvements relates to additional equipment required both on the ground and in the aircraft. ATC improvements are often viewed as safety driven, and are generally backed by governmental regulations. Thus, airlines and airports have no choice but to implement them according to the FAA dictated timeliness and cost estimates are considered inconsequential. Costs, however, are not inconsequential when considering system-wide implementation of new ATC technologies and the training issues associated with them. This, coupled with the difficulty of testing new ATC control systems to insure their safety, has resulted in the continued use of aging equipment.
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The life of a technology generally goes through three phases, the developmental stages when it is not widely implemented and its effects are marginal. A maturation stage where improvements are numerous and the technology effects are widespread. And, finally, an obsolescence stage, where only tweaking is possible, and changes yield little improvement. 18 As the ATC system has entered its obsolescence stage it has become increasingly difficult to obtain improvements in capacity and maintenance of the equipment has become an issue of concern. This has lead to investigation of new paradigms such as free flight and the use of satellite guidance systems. GPS (Global Positioning System) provides an accurate means to track and guide aircraft, and free flight environments make collision avoidance the responsibility of the pilots, rather than a centralized control entity, thus eliminating the ATC bottleneck, and alleviating congestion.
Technologies Proposed
The nature of the technologies proposed to improve capacity and throughput is as varied as the components of the NAS. However, they can be loosely grouped as follows.
Demand Management
These technologies focus on managing the flows within the existing system to take full advantage of whatever capacity is currently available. They include procedures to redistribute the traffic flow to avoid overloading congested areas such as the Ground Delay Program. 19 The use of slots and peak pricing to make demand more uniform would be another example. From a more innovative point of view the redistribution of demand with other types of aircraft could be included within this category also. Large aircraft, such as the projected A380, could alleviate some of the congestion problem by carrying more passengers per operation, however, they would not alleviate terminal congestion.
20 Tilt Rotors and runway independent aircraft have also been proposed as an alternative to regular transports provided they could operate without disturbing current traffic flow and their noise production could be minimized. Taking this idea of serving demand without altering exiting capacity further is the SATS (Small Aircraft Transportation Program) program which would not affect major airport capacity, but rather would attempt to make use of the thousands of General Aviation airports currently underutilized.
21 However, this program would have to overcome the perceived lack of safety of General Aviation aircraft, and the infrastructure issues of serving large traffic and passenger volumes at the smaller airports.
Capacity Enhancement
Beyond the management of demand within current capacity constraints there are also efforts underway to increase capacity at major airports by enabling more operations per runway, and expanding the number of runways available at airports. Perhaps the first step to accomplish this is to reduce the lead time required to allow construction of new runways which can be as much as 10 years. The FAA is taking steps to expedite the process, however, community pressures and availability of land may be unavoidable constraints at the very airports that are in dire need of expansion.
In addition to accelerating the airport expansion process, a number of initiatives have been taken to increase the number of operations possible per runway regardless of weather conditions, and to minimize the separation required between parallel runways to maintain independent operations. These initiatives are currently being investigated by NASA (National Aeronautics Space Administration), under their TAP (Terminal Area Productivity) program, with the intention of eliminating built in separation buffers currently necessary to account for reaction and communication time, as well as wake turbulence. The TAP program is developing aids in four main areas to include only the separation that is strictly necessary. These areas as described in the program objectives are:
-Reduced Spacing Operations: To reduce lateral and longitudinal spacing in non-visual conditions. AVOSS (Aircraft VOrtex Sensing System) and AILS (Airborne Information Lateral Spacing) are some of the enabling technologies considered.
-Air Traffic Management: To enhance CTAS (Center-TRACON Automation System), integrating it with the FMS (Flight Management System) to reduce spacing and position uncertainty.
-Low Visibility Landing and Surface Operations:
To expedite surface operations in adverse weather through technologies such as ROTO (Roll Out and Turn Off), T-NASA (Taxi Navigation And Situational Awareness system) or DROM (Dynamic Runway Occupancy Measurement).
-Aircraft-ATC Systems Integration: To enable clear weather operations in instrument-weather conditions. Cost, safety and technology demonstrations are the main focus of this research area.
With all these technologies the TAP is attempting to address inefficiencies in the arrival stream at an airport, currently in place to maintain safety in an uncertain environment. Should these technologies achieve full development they would contribute to a significant reduction in the uncertainty intrinsic to airport arrival operations.
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Innovative Concepts
The concept of 'Free Flight', which is also currently being explored by NASA and the FAA, signifies a radical change in air traffic management policy. The goal is to eliminate the constraints imposed by a centralized ATC system, transferring the responsibility for safety and efficiency to the airplane operators. Such a leap in air traffic practices requires development of numerous tools to maintain a guarantee of safety, especially during the technology transition phase. Most of these tools are intended to provide decision support and task-automation for controllers and pilots. The first step toward a free-flight environment involves the testing of those tools within the existing ATC system with hopes of dividing the ATM (Air Traffic Management) tasks between pilots and controllers at a later date. Innovative concepts are not limited to a new ATC paradigm. The decentralizing approach to congestion relief could be taken to the extreme moving away from the concept of airport to airport travel entirely. NASA's mobility goal is aimed at reducing doorstep-to-destination travel time, but whenever a change of transportation modes is required waiting time is inevitable. Thus, Personal Air Vehicle concepts could be considered as a long term solution to lengthy travel times and terminal area congestion. 23 Though congestion in the airways may then be inevitable, at least airways can be laid in three dimensions, whereas the highway system is limited to two.
Modeling the NAS
A number of technologies have been identified to ease the airspace congestion problem. However, a means to assess the impact of each technology on each of those metrics is necessary.
Technology assessment can be approached from two different perspectives. Technology assessment can be approached from a top-down system decomposition point-of-view, identifying each of the system components and how they interact with each other. Once the system is decomposed, the problem to be solved can be related to specific aspects of the system making the identification of potential technology needs possible. The specific needs defined in this manner may then lead to a series of technology development programs. The variety of technologies proposed would then give rise to a bottoms-up system recomposition in order to assess technology impacts at the system level where appropriate metrics of performance exist.
Both approaches to technology studies, tops-down and bottoms-up, require a detailed problem definition and a thorough knowledge of the system to carry out an appropriate system decomposition/recomposition. As stated by Ms. Kirby in her thesis work, a quantitative technology assessment also requires a modeling and simulation environment with which to quickly determine the expected impacts of a technology. 24 Such an environment would allow the designer to answer what-if questions a priori, comparing technologies applied in a virtual world before significant funds are spent to apply those technologies on the real system.
Modeling and simulation is possibly one of the most difficult steps to implement in technology assessment of a complex system. Striking a balance between detail captured and ease of execution can be extremely challenging when the system is composed of tightly interacting components. In the case of the NAS, models exist for individual components, but they tend to consider each component in isolation, not accounting for the interactions among the pieces of the puzzle. Furthermore, the models available for each of these components are varied in nature, ranging from purely analytical, to continuous time, to knowledge based, to agent-based making integration difficult. A review of existing airspace related models, and potential integration approaches can be found in the doctoral thesis work this paper is based on.
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Unfortunately, not all the existing models are easily available, and issues of scope arise when trying to combine models with differing levels of detail. Thus, detailed air traffic control procedures are beyond the scope of a system-of-systems study of this kind, as are most of the safety models in existence. Safety, though often stated in broad terms of accident and incident rates, requires very detailed modeling since accidents are often the result of a long chain of events, ranging from issues of reliability to procedural adherence. For the purpose of this research, safety was treated as a constraint that imposes certain buffers in the terminal airspace and certain criteria that new technologies must meet to demonstrate their safe operation.
Noise and emissions were also excluded from the final modeling and simulation environment since the tools necessary to integrate them into a cohesive estimate for the entire fleet were not immediately available. Currently these concerns are included into the procedures at major airports in the form of constraints on flight paths and restricted hours of operation. Therefore, they may be temporarily relegated to a secondary term to be revisited in the future.
Aircraft modeling within the NAS did not require the level of detail found in synthesis and sizing codes. Aircraft are generally considered in terms of the class they are a part of, rather than as individual aircraft models, and therefore many of the specific aircraft features available in detailed aircraft modeling are unnecessary. However, should revolutionary aircraft types be under consideration, or should regulations require extensive changes that affect aircraft performance, an aircraft analysis code would need to be integrated into the modeling and simulation environment. For the purpose of this research the component weights necessary to execute an economic analysis were obtained from the execution of such a code for each generic aircraft type.
Since the airline business is based on a delicate balance of available capacity and passenger demand, any changes made to the capacity of the system are bound to involve changes to airline behavior. Some of these changes may be brought about through demand management techniques by the airline itself. Other behavioral changes may be merely an adjustment to new ATC procedures or a change in the available infrastructure. Extensive research has been done in this area by the MITRE corporation, but the author was unable to obtain the models resulting from that research. 26 In order to avoid duplication of effort, an airline behavior model was not included in the simulation environment created. In this case only the consequences of airline policies are captured in terms of the fleet mix and schedule used. Passenger behavior is captured indirectly through the expected changes in fares required to maintain market share in the wake of airline schedule changes.
Economics as the Engine of Change
An economic point of view was chosen as the main focus for this thesis for two reasons. First, economic concerns pervade every aspect of the National Airspace System, from passenger demand, to airline and airport operations, to the budgets available for air traffic control improvements. Therefore, economics provide an excellent means to bring all the airspace components together. Second, as in many other aspects of the aviation industry, economics have often been treated as a secondary consideration or an inevitable consequence. While much research has been done into the performance of ATC systems or the estimated capacity at an airport, little attention has been paid to the economic aspects of airspace congestion until recently.
During the summer of the year 2000 delays skyrocketed. A very active storm season combined with a system operating at or near its maximum capacity resulted in air travel delays that were much more widespread than the weather conditions that caused them. Airlines then made known the expenses incurred from such delays (nearly six billion dollars if the value of passenger time was included) and congress finally took notice. Unfortunately, it was not until the economic consequences of congestion were severe that the problem received significant attention, and by then any truly effective solutions were still years away.
From the perspective of the Department of Transportation and the FAA the main economic concerns have to do with budget allocation. While privatized air traffic control has been attempted in other countries, in the United States taxes provide funding for that function. Just like the highway system, the airway system is maintained by public taxes for the general good. This means that as ATC equipment becomes obsolete and maintenance costs grow, taxes (specifically ticket taxes) must also rise accordingly. Airport improvements are also funded from ticket taxes, and the steady rise of Passenger Facility Charges (PFC) to finance airport expansion projects is, at least in part, responsible for the growth in ticket taxes and fees. However, the face of airport economics has also been changing over recent years, with many airports becoming self sustaining for their day-to-day operations. A direct consequence of the success of airport concessions and airport profitability has been the trend to switch from residual fee calculation methods to compensatory schemes. This means that airlines, as the main airport customer, are no longer expected to share in the risk of airport projects, and their landing and rental fees are based primarily on their use of the facilities. While this has been positive in terms of more predictable landing costs, it has also taken some leverage away from the airlines to approve or block airport projects. Considering that landing fees and facility space rentals still reflect increased airport costs, the airlines can find their operating costs rising without the same level of control over where those dollars are spent.
New aircraft are very costly to develop, and aircraft manufacturers will generally not move forward with a project unless significant airline interest is apparent. Airlines, on the other hand, have to consider very carefully the purchase of new aircraft due to the size of the capital investment involved and the long lead times between orders and delivery. A number of factors can lead an airline to seek new aircraft, but these are usually related to a need to replace aging aircraft for noise or maintenance reasons. In fact, aircraft of an existing model are often preferred for their known reliability record and minimal training requirements for maintenance and pilot personnel. Only in cases where the capabilities offered cannot be obtained through any other means do airlines consider the purchase of a brand new aircraft type that may give them a competitive edge in a specific market.
Airline economics are the thread that binds all these economic perspectives together. Airlines purchase the aircraft; airlines pay the landing fees at airports; and airlines have to bear the burden of taxes in a market where total ticket price is the main factor in determining demand. Ultimately, it is the demand, and the way in which the airlines choose to serve it, that determines the characteristics of the air transportation market. Therefore, airline economic concerns and the airline's return on investment, when all costs are considered, may be the best indicator of the health of the aviation industry.
The NAS from an Economic Perspective
Air travel demand can be estimated based on economic factors such as the GDP. Demand estimates are published by aircraft manufacturers as a means of determining the future need for additional aircraft in the future, and to forecast what kind of aircraft will be used to serve that demand. The FAA, in turn, publishes its Terminal Area Forecast (TAF) to determine what kind of demands will be placed on the airspace system in the future. Generally air travel demand is expressed in terms of revenue passenger miles. However, congestion often deals with operations rather than passengers. Airlines have the ability to determine how passenger demand translates to operations by selecting the aircraft they will operate. An additional parameter in this translation between passengers and operations is the load factor the airlines can achieve on their aircraft. Airline strategies to increase average load factors have proven effective, and are still being refined. This has led to a rise in average load factors and a reduction in the number of aircraft required serve passenger demand. However, this trend has been offset by the tendency to increase flight frequencies using smaller aircraft. Thus, the total number of passengers served per operation has not increased significantly.
Once an estimate of the operations required to serve demand is available, airport capacity for the chosen airline fleet mix can be estimated. That capacity combined with the operation demand may lead to some delays. These delays will then propagate through the airline system. The effect of early morning delays or those during high connection periods will be far more significant than the effect of a delay later in the evening when fewer flights are left on that day's schedule. This propagation effect can be taken into account through a delay multiplier.
With an estimate for delays and the propagation of their effects through the airlines schedule, delay costs can be estimated. It should be noted that delay costs can be divided into two types: those directly involved with the operation of the aircraft for a longer time and those related to passenger dissatisfaction.
The delay costs can then be combined with other standard airline costs such as aircraft financing and airport usage fees. The ticket prices that the market will bear, less these costs, determine airline profitability. If the airline's books show a profit, new aircraft are purchased and schedules are expanded. Alternatively, if they record a loss, aircraft are retired early to minimize overcapacity and schedules are reduced to increase load factors and the airline's chance of recovering a positive cashflow. Of course, reducing an airline's schedule can also result in a loss of market share thereby decreasing revenues as much as it decreases costs.
An environment in which such tradeoffs can be assessed was created as shown in Figure 2 . This modeling environment concentrates on the terminal area, which constitutes the main capacity constraint in most of the United States. The environment considers first the translation from passenger demand to the operations required to serve it which is dominated by airline choices. Then capacity and delay estimates can be carried out and their effect on the overall airline schedule can be assessed in terms of the additional costs incurred. In order to consider the effects of increased landing fees due to airport expansion projects; a simplified model to determine the cost of building a new runway was created. To complete the congestion alleviation modeling, schedule smoothing was introduced as a possibility, as were increased avionics costs for new ATC equipment and the means to calculate the cost of a new aircraft type. Details pertaining to each of the building blocks of this modeling environment can be found in the thesis work this paper relates to. 25 Suffice it to say here that tools developed by LMI (Logistics Management Institute) were used as the core of the airport capacity and delay calculations, while ALCCA (Aircraft Life Cycle Cost Analysis) provided the anchor for a number of new or modified economic assessment tools. Also note that this modeling environment was integrated within the Model Center 27 toolbox to allow for easy addition of further elements of the NAS.
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Case Study
A case study is necessary to demonstrate as a proofof-concept the NAS modeling environment developed and to provide a basis for a technology application. The Atlanta airport presented itself as an excellent candidate due to its large traffic volume and existing airport improvement plans. In addition to airport expansion, technologies corresponding to each of the other airspace components were chosen to take full advantage of the system-of-systems capability created. Thus, the introduction of a large aircraft carrying more passengers per departure was included as a technological alternative. One particular issue that came to light during the growth in delays over the year 2000 was the uneven distribution of traffic throughout the day. The delays incurred at that time finally gave Delta airlines, whose hub is in Atlanta, the economic motivation to implement a smoother schedule whose demand no longer exceeded maximum capacity at peak hours. Studying the impact of such an action was also of interest. Furthermore, airlines often accuse air traffic control of being antiquated and inefficient, unnecessarily reducing capacity with excessive buffers. Research has been done into ATC technologies that could reduce those buffers to the values strictly necessary to prevent wake vortex interaction and runway incursions. Such technologies were also of interest for a case study including all components of the NAS.
Atlanta Hartsfield International Airport
The first step in creating a case study to test the NAS simulation environment involved the selection of an airport whose delays warranted the infusion of congestion alleviation technologies. The Atlanta airport, rated the largest airport in terms of passengers served in the year 2000, certainly seemed to fit that description. In fact, where other airports have seen a sharp drop in operation since the end of the year 2001, the Atlanta airport is currently operating only about two percentage points below 2000 demand levels. This is due to the fact that Delta airlines, whose main hub is at the Atlanta airport, has strived to keep its schedule intact in order to maintain its market share against AirTran, a low cost airline whose main origination point is also in Atlanta.
Another aspect that made the Hartsfield Atlanta International Airport an attractive choice is that it has been used as a test bed for certain ATC technologies. This test-bed use ensures that data relating to congestion at the Atlanta airport exists, making a validation of the simulation environment more easily achievable.
One aspect that the NAS simulation environment attempts to capture is the influence of airport expansion projects on the capacity it aims to increase and on the economics of the airport users. Therefore, an airport with firm expansion plans, preferably scheduled for the near future was also desired. The Atlanta airport also fit this description since construction of a fifth parallel runway is currently underway.
The addition of the fifth runway changed the configurations used for good weather days slightly by eliminating the need for dependent approaches and departures and enabling instead triple independent approaches and departures. The configurations used when the fifth runway is enabled are depicted in Figure 
Terminal Area Productivity Program
While airport expansion reduces congestion by increasing the number of runways, TAP technologies attempt to improve overall capacity by increasing the number of operations possible per runway. The Terminal Area Productivity program, as described in the background section, is comprised of a number of technologies designed to reduce the separation necessary between aircraft operations. There are three technology implementations that are considered under this program. AVOSS uses sensors to detect wake vortices so that long aircraft separations need only be applied when the actual wake vortex dissipation rate justifies it. This type of system will have its most marked effect on the separations required between small and heavy category aircraft. The LMI capacity and delay models include a consideration for the weather conditions that are most conducive to the use of AVOSS, and the user is allowed to define a different separation matrix to be used under AVOSS conditions. ROTO, which attempts to minimize runway occupancy times, will affect both the input arrival ROT (Runway Occupancy Times), which will be reduced by about 20%, and the 3 mile minimum separation. Since aircraft landing will be clear of the runway faster, aircraft separation can be reduced, provided there are no wake vortex concerns, and therefore spacing can be reduced. ROTO, however, is not expected to affect already short departure runway occupancy times.
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The technologies discussed above do come at a price. The infrastructure aspect of the technologies can not be easily captured, but the impact added equipment would have on aircraft costs is considered by enabling the aircraft cost calculations within ALCCA and increasing the factors associated with avionics costs. These factors are increased by 20% for each aircraft type. This increase matches well with data regarding procurement and installation costs of TAP related equipment obtained from the Logistics Management Institute AVOSS technology may perhaps be especially useful when considering the introduction of larger aircraft capable of serving demand with fewer operations. If such aircraft require significantly increased miles-intrail separations, they may not result in as much of an increase in passenger carrying capability as expected. Given the very large gross weight of this aircraft, air traffic control may be tempted to dictate very large separations behind this type of aircraftwhen in doubt, safety is paramount. However, if AVOSS technologies are available, a true measure of the vortices shed by these aircraft can be observed, thus allowing safety factors and separations to be kept to a minimum. A module for translating passenger demand into operations required, which can incorporate such large aircraft into the mix, was included in the NAS simulation environment. This module can be used to determine just how much of an improvement in operations can be accomplished by using larger aircraft. Finally, a very-large-aircraft would also have a higher price tag and higher operating costs per trip. A delay incurred by an aircraft capable of carrying nearly 600 people would result in more passengers requiring rerouting and goodwill retributions. Direct costs would also be higher for a large aircraft since more thrust and therefore more fuel, is required to keep it aloft. These increased costs were taken into account by generating an additional ALCCA input file representative of this aircraft class and calculating its total operating costs for the year. It should be noted that the higher operating costs of such aircraft are generally offset by their higher revenue potential. This should also be taken into account when calculating the overall airline ROI.
A Hub-and-Spoke Airline
The modeling and simulation environment developed uses airline economics as the means to bring all the airspace components together. It is airline choices that drive the schedule distribution and fleet mix. It would be airlines that would determine whether an aircraft such as the A380 would operate at the Atlanta airport. Specifically, only a major hub-and -spoke airline like Delta would have the need for such a large aircraft since low costs airlines like AirTran tend to concentrate on the smaller short haul market. As previously mentioned, airlines can also apply a schedule smoothing approach which will have an impact on the delays incurred at peak times. One way to model the drawbacks of such an implementation would be to increase the number of pas-sengers requiring rerouting in other airlines when a delay occurs. As another measure of schedule connectivity the delay multiplier could also be altered. Furthermore, the demand should be affected by such choices as they affect the airline market share. The model developed cannot capture this aspect since multiple airline personalities were not considered. In the future such effects could be taken into account by linking airline behavioral aspects to the fleet selection and scheduling distribution.
Results
The case study technologies previously described were expected to be implemented in the year 2005. Therefore, a baseline no-technology case was created for the year 2005 using TAF forecast assumptions to grow the 2000 data. The demand growth and the operations required to serve that demand resulted in a significant increase of delays with the subsequent impact on delay costs and airline return on investment. No constraints were imposed on the length of delay that would be allowed in order to have a fair basis for comparison. However, it should be noted that the airlines would take action before average delays per flight reached the levels calculated for the year 2005, otherwise the schedule would become too unreliable to continue operating.
In the progression to the year 2005 from current data seat sizes decreased for the new baseline year, but load factors increased resulting in a small overall change to the average seats carried. The attainable dollars per revenue passenger mile actually decreased in current-year-dollar terms, in spite of the fact that they are forecasted to increase when expressed in then-year-dollars. The $/RPM values for heavies and very large aircraft for the current and future year were calculated as the average between typical domestic and international $/RPM. The average trip length was also expected to increase significantly for domestic travel, but trip lengths were actually forecasted to decrease for international flights. To capture this, heavies which are generally used for international travel did not see an increase in trip length, whereas the flight miles for smaller aircraft types (generally used for domestic travel) increased by approximately 20%.
The no-technology baseline was then modified to include each of the technologies discussed in the case study section (new runway, schedule smoothing, very large aircraft and TAP equipment) independently, and finally an all-technology case was executed including all technologies at once.
Building a New Runway
The new runway case was represented through two main effects. New runway configurations using the fifth Atlanta runway were activated increasing the maximum operations per hour by approximately 35%. And the cost of runway construction was translated into additional landing fees for the airline using the airport cost model.
The implementation of the new runway technology resulted in a dramatic reduction of delays, nearly a quarter the length of those calculated for the 2005 no-technology case. The delay costs were similarly reduced by nearly 80%. The airline ROI, being penalized through the cost of increased landing fees, did not show the same drastic change. This effect could not have been properly captured without taking a system-of-systems point of view. The impacts of the new runway technology scenario are summarized in Figure 5 . Please note that the results of this technology scenario are only applicable to the new runway case at the Atlanta airport. Another runway project would most likely entail different construction obstacles affecting the landing fee penalty. Furthermore, if the runway considered were not a parallel runway enabling additional independent operations, the impact on maximum airport capacity would not be as significant. On the other hand, the impacts of a new runway at a different airport could be easily assessed updating the inputs to the airport cost model, and modifying the configuration selector within the LMI delay code.
Smoothing the Airline Schedule
The uneven distribution of operations at an airport can cause certain time periods to have scheduled operations beyond those the airport is capable of handling. These peak times are dictated by passenger demand, and reduction of operations at those times will inevitably result in a loss of customers for the airline. Thus, the following schedule smoothing impacts were considered: Trimmed operations at peak times, reduced connectivity of the airline schedule, and decreased ticket price to attract lost customers to flights scheduled at a different time.
The trimming of excess operations was executed within the LMI delay model as demand data was read in. The smoothing algorithm compared the desired operations to the input maximum capacity and redistributed any excess operations to the surrounding hours. This resulted in a 10% decrease in the average delay as seen in Figure 6 . Since banks of arrivals and departures will not be as pronounced with a smooth schedule, the scheduling of passenger connections, as well as plane and crew connections, will be more complex. Therefore, the connectivity of the airline's schedule will be reduced. This decreased connectivity has a both positive and negative impacts. First, the propagation of delays throughout the airline schedule will not be as pronounced. This was modeled through a reduction in the delay multiplier. Second, some share of the market originally captured thanks to the trimmed connections will now be lost. In order to preserve market share the airline will be forced to lower ticket prices so as to attract passengers to less convenient flights. This negative impact was modeled through a 2% reduction in all $/RPM. The reduction in airline connectivity has one additional negative impact: when delays do occur the likelihood that a passenger will now be rerouted on a different airline increases. Rerouting passengers on a different airline is expensive, costing the original airline nearly as much as the passenger paid for his or her ticket. This explains the marked increase in indirect delay costs shown in Figure 6 . The direct delay costs, however, were found to diminish through the implementation of this technology. This reduction was due to the combined action of shorter delays and shrunken delay multipliers. The interaction of these two effects, coupled with the reduced revenue caused by a less convenient schedule, resulted in an unchanged return on investment for the airline. Such an interaction could not have been considered without an estimate of the delay propagation effects fully justifying the need to include such concerns when modeling the NAS from an economic perspective.
Introducing Very Large Aircraft
Very large aircraft like the A380 are being marketed as a potential congestion solution. However, such an aircraft would have to prove its profitability as part of an airline's fleet within the National Airspace System. The NAS model developed provides a perfect opportunity to demonstrate whether such aircraft can indeed reduce delays and improve airline performance in congested markets.
According to the results for this technology scenario displayed in Figure 7 , the introduction of a 600 passenger aircraft into the market did indeed reduce the delays incurred by nearly 10%. This reduction took place despite the increased miles-in-trail distances for this aircraft class that were introduced as penalties for the sheer size of the aircraft. Furthermore, the delay and overall airline costs also decreased and, in spite of low load factor estimates, still resulted in a higher return on investment for the airline.
Proper accounting of the penalties associated with the introduction of a very large aircraft type would not have been possible in an environment that did not consider aircraft, airlines and air traffic control simultaneously. Additional penalties of very large aircraft related to the large volume of passengers carried per flight could be considered if landside congestion were included in a future NAS modeling effort. 
Implementing TAP Technologies
TAP technologies are intended to streamline airport operations by reducing the effect of miles-in-trail and runway occupancy time constraints. For this technology implementation vortex sensing technologies were deemed to affect the separation required for small aircraft trailing larger ones. The runway occupancy times, beyond modifying that constraint, also resulted in a smaller minimum separation. The equipment required to make use of these technologies also resulted in better estimates of aircraft location being available to the controller. This had the added benefit of reducing the position uncertainty factor. Modeling the economic drawbacks of this technology implementation was found to be a rather difficult task. Conceptually the implementation of these types of technologies would affect both the aircraft and the airport costs. Direct estimates of these costs could not be created due to a lack of data. Therefore, only the aircraft equipment penalty was modeled within ALCCA. This penalty was implemented by increasing the avionics complexity factor within the manufacturer's cost calculation, and allowing AL-CCA to use the resulting aircraft price in the rest of its calculations.
The changes resulting from this technology implementation are shown in Figure 8 . TAP technologies reduced delays by almost half, but did not have such a marked effect on the return on investment due to the cost penalties applied. Such a penalty would not have been possible outside of an integrated environment. 
Combining Technologies
All the technologies thus far discussed were applied simultaneously in a final technology scenario. This type of technology application across multiple NAS components constituted one of the main goals of this thesis, enabling the researcher to compare technologies applied on different NAS components against one another while accounting for system wide technological impacts. The all-technology case drastically reduced schedule disruptions, resulting in departure delays just below those obtained with the runway case only. The arrival delays were reduced even further thanks to the introduction of TAP technologies. The delay costs (shown in Figure 9 ) were also reduced quite significantly, but the airline ROI did not follow a similarly dramatic drop. Just as all positive impacts of these technologies are combined, so as their economic drawbacks. In particular, the $/RPM were reduced by a total of 4% to account for the schedule reduction that would result from using both a schedule smoothing approach and very large aircraft simultaneously. This reduction in revenue combined with the increase in cost penalties would explain the small change in airline return on investment observed.
Comparing Technology Impacts
A comparison of all the technology impacts was of as much interest as the combination thereof. Figure  10 depicts the impact of all the technology scenarios considered in the form of a spider chart. The responses of interest are placed along the radii of the "spider web" and the impacts of each technology sce- Base 05 ALL Figure 9 : The All-Technology Case nario are then plotted in different colors. this allows the researcher to quickly assess the tradeoffs existing between the different technologies. For example, the very-large-aircraft technology scenario and the smoothing scenario resulted in very similar delay values. Since both approaches aim at redistributing the way the passenger demand is served, rather than changing the behavior of the system, it is reasonable that they should have a similar impact on delays. However, when one looks at delay-related direct operating costs, they are found to be far higher for the very large aircraft case than those for the schedule smoothing case. This is perfectly reasonable since larger aircraft require more fuel to stay aloft and would therefore be most affected by direct delay costs. Looking at the same pair of technologies for the indirect delay costs we would conclude that schedule smoothing was much more expensive than introducing a new aircraft type. The ROI measure was not included in Figure 10 since maximization of this response is desired, whereas all other responses should be minimized. If all responses depicted on a spider chart are consistently defined the area enclosed by each alternative can be used to select the best option. For example, all responses depicted in Figure 10 should be minimized, therefore the technology or technology combination with the smallest area on this chart would be the most desirable any other concerns not-withstanding. This would lead to selection of the all-technology case. However, other pressures not depicted in the spider chart are present in this case however. Thus, it is the return on investment that finally yields a discernible "winner". The ROI calculation includes revenue concerns as well as direct and indirect delay costs, which implies that the technology case with the highest ROI would have the best balance of economic concerns. When including ROI considerations, the large aircraft comes out slightly ahead due, in part, to the reduced revenues for the smoothing case. Looking only at the delay reduction aspect the all technology case would have been the option selected and the subsequent costs incurred would have damaged airline profitability. However, when one observes the technology scenarios in Figure 10 the construction of a new runway immediately stands out as a preferable alternative. The new runway causes a significant reduction in delays as compared to the other technologies only slightly improved upon by the all technology case. However, when the economic perspective is taken the new runway results in a higher return on investment for the airline. This ROI difference is due, in part, to the revenue penalties imposed on the all technology case for schedule smoothing and large aircraft use. The all technology case falls prey to the accumulation of costs as all the technologies are combined, and would in fact be an unlikely case due to the complexity involved.
This case study has demonstrated the need for appropriate accounting of technology benefits and penalties across the different components of the NAS. Furthermore, it has shown that an economics perspective is a viable alternative to bring all the NAS aspects together. These technology impacts have been carried out in a deterministic manner. However, given the variability inherent in the system, as well as the uncertainty involved in technology assessment a probabilistic approach would be of future interest. Such an approach would account for the readiness level of each technology considered, and could affect the technologies preferred if assured, though moderate, results were desired rather than high-risk, high-payoff improvements.
Conclusions
The need to reduce congestion in the National Airspace is clear and pressing. It is also clear that a means to assess technology impacts throughout the NAS, and to compare technologies applied to different NAS components on a equal footing is essential to determine the most effective way to allocate limited resources.
Four key components of the NAS were identified: the aircraft used to serve passenger demand, the airlines operating those aircraft, the airports that serve as an interface between airlines and passengers and the Air Traffic control system that provides a safe environment for air travel. Three external pressures to these components were also deemed important: Economics as the engine behind both passenger demand and the changes that will be required to serve it; safety as a key factor determining whether technologies will be implemented and imposing capacity constraints; and environmental concerns as constraints to airport and fleet growth.
The models identified clearly demonstrated the complexity of the system and the need for integration of the NAS components. However, it was that very complexity that lead to a scoping down of the problem concentrating on the economic aspects of the NAS while still capturing aircraft, ATC, airline and airport concerns. The interactions among the NAS components were then approached from an airline economic perspective. Limited capacity and the resulting delays cause increased airline operating costs. However, the technology solutions proposed often come at a price also. Airport improvements result in increased landing fees for the airline. Demand management techniques may make an airline lose its competitive edge. And air traffic control technologies often rely on additional equipment required both in the aircraft and on the ground that must be purchased and maintained.
Four technologies were identified for a proof-ofconcept study: Construction of a new runway, redistribution of demand through schedule smoothing, introduction of a new aircraft class, and implementation of new air traffic control technologies in the terminal area. Each of these technologies addresses one of the main NAS components, but is also allowed to impact the other components available within an integrated NAS modeling environment. Furthermore, an all-technology case was considered that included the combined impact of the four technologies mentioned, both in terms of increased capacity, and in terms of increased costs.
The assumptions necessary to evaluate a systemof-systems, and the need to bring together modeling efforts of unlike natures for a high-level assessment, highlight the need for added caution when taking such a broad point-of-view. While system-of systems studies provide a new perspective and helpful insight on system-wide issues, they generally rely on the integration of codes not originally designed for such a purpose. Therefore, care must be exercised that the assumptions made within each of those codes are coherent and no internal contradictions occur. Furthermore, the issue of error propagation becomes important as the assumptions made in the assessment of one system component affect the rest of the modeling environment. The research carried out was limited in nature, concentrating on an economic perspective of the National Airspace System . However, it provides a stating point for future system-of-systems studies and a road map for future improvements to an integrated NAS simulation environment. 
